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Maintenance of neuroepithelial progenitor cells by Delta–Notch
signalling in the embryonic chick retina
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Background: Neurons of the vertebrate central nervous system (CNS) are
generated sequentially over a prolonged period from dividing neuroepithelial
progenitor cells. Some cells in the progenitor cell population continue to
proliferate while others stop dividing and differentiate as neurons. The
mechanism that maintains the balance between these two behaviours is not
known, although previous work has implicated Delta–Notch signalling in the
process.
Results: In normal development, the proliferative layer of the neuroepithelium
includes both nascent neurons that transiently express Delta-1 (Dl1), and
progenitor cells that do not. Using retrovirus-mediated gene misexpression in
the embryonic chick retina, we show that where progenitor cells are exposed to
Dl1 signalling, they are prevented from embarking on neuronal differentiation. A
converse effect is seen in cells expressing a dominant-negative form of Dl1,
Dl1dn, which we show renders expressing cells deaf to inhibitory signals from
their neighbours. In a multicellular patch of neuroepithelium expressing Dl1dn,
essentially all progenitors stop dividing and differentiate prematurely as
neurons, which can be of diverse types. Thus, Delta–Notch signalling controls a
cell’s choice between remaining as a progenitor and differentiating as a neuron. 
Conclusions: Nascent retinal neurons, by expressing Dl1, deliver lateral
inhibition to neighbouring progenitors; this signal is essential to prevent
progenitors from entering the neuronal differentiation pathway. Lateral inhibition
serves the key function of maintaining a balanced mixture of dividing progenitors
and differentiating progeny. We propose that the same mechanism operates
throughout the vertebrate CNS, enabling large numbers of neurons to be
produced sequentially and adopt different characters in response to a variety of
signals. A similar mechanism of lateral inhibition, mediated by Delta and Notch
proteins, may regulate stem-cell function in other tissues.
Background
The central nervous system (CNS) of a vertebrate builds up
its stock of neurons from a population of dividing neuroep-
ithelial progenitor cells that continue to generate differenti-
ated progeny for many days or even months [1]. What
mechanism maintains this process, ensuring that some cells
in the progenitor population remain as dividing progenitors
while other cells stop dividing and differentiate as neurons? 
Experiments in Xenopus have shown that production of the
first cohort of neurons — the primary neurons — is regu-
lated by lateral inhibition delivered, as in Drosophila [2], by
Delta–Notch signalling [3–5]. In this process, nascent
primary neurons transiently express the transmembrane
ligand Delta1 (Dl1), and deliver inhibition to surrounding
cells expressing the transmembrane receptor Notch1.
When all cells are artificially caused to express Dl1, pro-
duction of primary neurons is inhibited. Conversely, when
Delta–Notch signalling is blocked by the expression of a
dominant-negative derivative of Dl1, Dl1dn (formerly
called Dl1Stu) [3], primary neurons are produced in excess. 
Gene expression patterns suggest that lateral inhibition
mediated by Delta–Notch signalling also operates during
later neurogenesis: nascent neurons express Dl1 [6,7], and
the uncommitted, dividing progenitors express Notch1
[7–11]. These observations led us to propose that Delta–
Notch signalling in the CNS serves to maintain a prolifera-
tive cell population from which differentiated postmitotic
cells are continuously produced: lateral inhibition deliv-
ered from nascent neurons to adjacent progenitors would
keep the latter cells from differentiating prematurely, so
allowing neurogenesis to continue for many days [7]. 
The embryonic retina is an attractive system in which to
test such ideas. It is large and easily accessible, with a
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simple, stratified structure, ultimately containing six well
characterised classes of neurons [12]. The birthdates of
these cells have been determined [13–16] and markers for
many of the individual neuronal types are available.
Several studies, in chick and other vertebrates, have
shown that retinal neurogenesis is indeed influenced by
Delta–Notch signalling. Thus, the production of retinal
ganglion cells is reduced when the level of Notch activity
is raised, and increased when the level of Notch activity is
lowered [17,18]. Progenitor cells expressing a constitu-
tively active form of Notch give rise to abnormally large
clones of progeny, as though differentiation and with-
drawal from the cell cycle have been inhibited [11]. In
the embryonic Xenopus retina, local misexpression of Dl1
deters the cells that are exposed to this signal from differ-
entiating, while blockade of Delta–Notch signalling by
expression of Dl1dn favours premature differentiation
[19]. The types of differentiated cell that are produced
depend on the stage at which the misexpression of Dl1
began [19]. 
Although all these results implicate Delta–Notch sig-
nalling in the control of neurogenesis, they leave some
important questions unanswered. In particular, it is not
clear whether all progenitors are absolutely dependent on
continual lateral inhibition to be kept from differentiating,
or whether there are different classes of progenitors (see,
for example, [20]) with varying degrees of sensitivity to
the signal, programmed to become competent for differ-
entiation at different times. It is also uncertain what part,
precisely, Delta–Notch signalling plays in generating the
diversity of neuronal cell types in vertebrates; by analogy
with Drosophila and Caenorhabditis elegans (reviewed in
[21–23]) Delta–Notch signalling might control choices
between alternative differentiated cell types, as well as
the commitment to differentiate.
In this paper, we study the embryonic chick retina to clarify
the role of Delta–Notch signalling in the developing verte-
brate CNS. We find that Dl1 is expressed in the nascent
neurons, while Notch1 is expressed in proliferating progeni-
tors. We use retroviral vectors to misexpress Dl1 or the
dominant-negative construct, Dl1dn, in embryonic retinal
cells. We show that, while Dl1 acts by delivering a lateral-
inhibition signal to the neighbours of the Dl1-expressing
cell, the antimorphic Dl1dn protein acts by blocking signal
reception in the Dl1dn-expressing cell. The behaviour seen
in patches of cells that are all infected with retrovirus indi-
cates that the whole population of progenitors depends on
Delta–Notch signalling for its continued existence. We
argue that, by preserving a population of progenitors,
Delta–Notch signalling maintains continuing, sequential
production of neurons; and this maintainence facilitates
generation of neuronal diversity because neurons produced
at different times are directed (by mechanisms other than
Delta–Notch signalling) towards different fates.
Results and discussion
Nascent neurons in the embryonic retina express Dl1
The organisation of the embryonic neural retina is very
similar to other regions of the developing CNS. A ventric-
ular proliferative zone, containing the cell bodies of the
dividing progenitors, lies on the apical side of the neuro-
epithelium, initially occupying most of its width
(Figure 1). Within this region, neurons are born: a propor-
tion of the daughters of the progenitors withdraw from the
division cycle and migrate out of the proliferative zone to
other layers of the retina, where they differentiate [12,24].
The proliferative zone is thus an intimate mixture of
dividing progenitors and nascent neurons. Above and
below it, the developing layers of neurons and photore-
ceptors can be seen by immunostaining with the anti-
Islet1/2 antibody [25]: in our hands, in contrast to previous
studies (for example, [18,19]), this immunostaining was
not restricted to ganglion cells but appeared to mark all
embryonic retinal nerve cells (Figure 1d).
In situ hybridisation showed that the Notch1 gene was
expressed throughout the proliferative zone of the retinal
neuroepithelium, from E2 to at least E10 (Figure 1b) [18],
when retinal neurogenesis is occurring [13]. Dl1 was also
expressed during this period, in individual cells scattered
within the proliferative zone of the retinal neuroepithelium,
but not in the most apical domain (Figure 1). Thus, Dl1-
expressing and Notch1-expressing cells are intermingled.
We have shown previously that the Dl1-expressing cells in
the developing hindbrain and spinal cord are post-mitotic
nascent neurons [6,7]. To test whether this also holds true
for the developing retina, we gave embryos a pulse of
bromodeoxyuridine (BrdU) 15–60 minutes before fixation.
The Dl1-expressing cells were scattered within a region
where the overall BrdU labelling index was high (for
example, at E5: 46%, 126/271 cells, 17 sections, 3
embryos). By contrast, the subset of cells that expressed
Dl1 had a low labelling index (Figure 2; at E5: 12%; 38/308
cells). Taken together with the evidence from other
regions of the CNS, this indicates that the majority of the
Dl1-expressing cells have recently withdrawn from the cell
cycle and are thus nascent neurons. Those few Dl1-
expressing cells that have incorporated BrdU may also be
committed to neuronal differentiation, but are not yet fin-
ished with their final S phase. Indeed, other workers have
noted that some cells in the retina begin to express neu-
ronal differentiation markers before they have finished
dividing ([20] and references therein), and neurons in the
developing cerebral cortex are found to become committed
before they complete their final mitosis [26]. These data
therefore suggest that Dl1 is one of the earliest markers for
neuronal differentiation in the developing CNS. As mature
differentiated neurons, marked by the presence of the
Islet1/2 antigen [18,27], do not express Dl1, we infer that
Dl1 expression in nascent neurons is transient, preceding
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their migration out of the ventricular zone and overt differ-
entiation, as elsewhere in the CNS [6,7]. 
Cells exposed to Dl1 signalling are inhibited from entering
upon neuronal differentiation 
If the function of Dl1 in nascent neurons is to signal to
neighbouring progenitors and prevent them from
embarking on neuronal differentiation, widespread
forced expression of Dl1 in the neuroepithelium should
diminish the number of neurons produced. To test this
prediction, we used a replication-competent RCAS retro-
virus [28,29] incorporating the Dl1 cDNA to drive ectopic
production of Dl1 protein in the retinal neuroepithelium
(see Materials and methods). Embryos were infected at
E1.5 (stage 9–12) [30], before retinal neurogenesis
begins, and analysed 3–6 days later, during which time
the retrovirus spreads by infection within the population
of proliferating progenitors.
In the normal embryo, the majority of neurons differenti-
ating before E6 develop as ganglion or amacrine cells and
settle in the basal part of the neuroepithelium, while the
majority of photoreceptors differentiate later and occupy
the apical part [13–15]. In infected embryos analysed at
E5/6, the retinal neuroepithelium contained patches of
retrovirus-positive cells. Some of these patches were large,
spanning several sections, with central regions consisting
of cells that all strongly expressed Dl1 and were presum-
ably infected early, before genesis of the first neurons.
Within such central regions, no neurons were detected:
the infected cells did not express Islet1/2 antigen
(Figure 3a,f) or CRABP1, a marker for amacrine cells
(Figure 3c) [31], even when they resided in the normal
location of differentiated neurons at the basal surface of
the retina. Moreover, BrdU labelling showed that the cells
of an infected patch at this stage continued to divide, and
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Figure 1
Neurogenesis in normal chick retina. Expression of Dl1 (a,c,d) and
Notch1 (b) is shown by in situ hybridisation (dark stain); in (a,c,d),
differentiated neurons are immunostained with anti-Islet1/2 antibody
(red nuclei). Confocal fluorescence and bright-field images are
superimposed electronically. (a) At E3 (stage 21), many cells
scattered throughout the neuroepithelium are expressing Dl1, and a
few neurons have begun to differentiate in the basal part of the central
retina (arrowhead); red cells external to retina are autofluorescent
blood cells. (b) At E5, Notch is expressed throughout the proliferative
zone (white line), but not in the layer of ganglion/amacrine cells [see
(c)]. (c) Also at E5, ganglion and amacrine neurons have accumulated
at the basal surface, while Dl1-expressing cells lie scattered amongst
progenitor cells within the proliferative zone (white line). (d) At E9,
multiple layers of neurons have differentiated, including photoreceptors
at the apical surface; Dl1-expressing cells are scattered among the
still-undifferentiated cell population in the central layer. Note that
Islet1/2 appears to label all classes of neurons in the embryonic chick
retina. Top is apical in this and subsequent figures. Abbreviations:
gc, ganglion cells; am, amacrine cells; ph, photoreceptor cells;
pz, proliferative zone. Scale bars: (a), 100 µm; (b–d), 50 µm.
could be seen in the basal layer normally occupied by
post-mitotic neurons (Figure 3d). Thus, cells exposed to
Dl1 signalling remain as progenitors.
Production of neurons was still inhibited in infected
embryos analysed later, at E8 or E10, indicating that
retinal progenitor cells remained sensitive to Dl1 sig-
nalling throughout neurogenesis (Figure 3b). As before,
there were large infected patches where all neurons were
absent, including both the ganglion and amacrine cells
that should populate the basal layer and the photorecep-
tors that should populate the apical layer (Figure 3b,e).
Thus, Delta–Notch signalling does not merely delay neu-
ronal differentiation but continuously inhibits it. The
numbers of neurons were also reduced in smaller infected
patches where infection presumably started later
(Figure 3b). Taken together, these results indicate that
production of the whole range of neuronal cell types in the
retina is susceptible to Dl1-mediated inhibition.
At the late stages (E8–E10), when the normal proliferation
of progenitors is on the verge of ceasing [13], we observed
a decrease of BrdU labelling in the undifferentiated Dl1-
overexpressing patches similar to that seen in adjacent
unaffected epithelium (Figure 3e). Either progenitor cells
are inherently programmed to cease dividing at these
stages or their proliferation is limited by extrinsic growth
factors, other than Dl1, that are only available for a
restricted period. Unfortunately, embryos infected with
the Dl1 virus rarely survive beyond E10, so it is difficult to
discover the ultimate fate of the cells in the Dl1-infected
patches. Nevertheless, it seems clear that excessive expo-
sure to Dl1 is not sufficient to keep neural progenitors
proliferating indefinitely. 
Isolated cells that overexpress Dl1 differentiate as neurons
The above results show that, in a group of contiguous cells
with raised Dl1-expression, all cells retain their progenitor
character. This is as expected if lateral inhibition regulates
entry of progenitor cells into neuronal differentiation (see
Figure 6): all cells in a contiguous group should inhibit
each other. The opposite behaviour is expected for an iso-
lated cell that is forced to express Dl1: it should not be
blocked from differentiating as a neuron, because it does
not receive inhibition from virus-infected neighbours.
Indeed, according to current views of the lateral-inhibition
mechanism, such an isolated cell should have an increased
propensity to become a neuron [5,32–34].
Because RCAS viruses are replication-competent and thus
spread through the progenitor population, isolated
infected cells occur generally at the periphery of the
infected patches. Such isolated Dl1-expressing cells did
indeed differentiate as neurons (Figure 3f), in contrast to
the behaviour of clustered Dl1-expressing cells: of 82 iso-
lated Dl1-expressing cells (20 fields; 3 embryos), 64 were
labelled with anti-Islet1/2 antibody, all but 6 of which
were located in the ganglion cell layer. 
We confirmed these results by examining embryos early
in a course of infection, when infection is still restricted to
individual cells or small groups of cells. For this purpose,
we injected retrovirus expressing either Dl1 or, as a
control, alkaline phosphatase (AP [35]) into one retina of
embryos at E3.5-4 (stage 21–23); the embryos were fixed
after only 24 hours or 48 hours. As retroviral transgene
expression is not detectable until 16–18 hours after infec-
tion (data not shown), this allowed little time for the initial
infection to spread. Isolated cells expressing either viral
Dl1 or AP were scored for expression of the neuronal
marker Islet1/2 or for BrdU incorporation. Islet1/2 was
expressed by 86% (52/60 cells, 4 embryos) of isolated Dl1-
expressing cells, but only 30% (27/89 cells, 9 embryos) of
AP-expressing cells. Only 13% (5/37 cells, 3 embryos) of
individual Dl1-infected cells were labelled with BrdU,
whereas 53% (38/72 cells, 5 embryos) of AP-expressing
cells were BrdU-labelled. Thus, isolated cells expressing
Dl1 are strongly biased towards neuronal differentiation,
in sharp contrast to the behaviour of Dl1-expressing cells
in clusters. These results highlight an important aspect of
the lateral inhibition mechanism: a cell’s behaviour
depends on exposure to a Dl1 signal from neighbouring
cells, not directly on whether it expresses Dl1 itself.
Blocking Delta–Notch signalling leads progenitor cells to
cease dividing and to differentiate
The above experiments show that progenitors that would
normally enter the neuronal differentiation pathway are
sensitive to Dl1 inhibition. To test whether lateral inhibi-
tion is essential for maintenance of progenitors, we
infected chick embryos with a retrovirus expressing Dl1dn,
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Figure 2
Most Dl1-expressing cells in the neural retina are post-mitotic. E5
retina with S-phase cells labelled by a 30 min pulse of BrdU (green),
and Dl1-expressing cells labelled by fluorescent in situ hybridisation
(red). A double-labelled cell is indicated (arrowhead), but the large
majority of Dl1-expressing cells are not labelled with BrdU.
the dominant-negative form of Dl1 that blocks Delta-
–Notch signalling [3,36]. The result was the converse of
that seen in clusters of cells expressing Dl1: in infected
patches of retinal neuroepithelium expressing Dl1dn, the
cells that would normally remain as progenitors differenti-
ated instead as neurons precociously.
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Figure 3
Forced expression of Dl1 throughout a patch of retinal neuroepithelium
blocks production of neurons and maintains proliferating progenitors.
Embryos infected with RCAS-Dl1 were analysed at E6 (a,c,d,f) and E8 (b,e).
Except for panel (e), infected cells are revealed by staining for Dl1 transcript
or protein. (a,b) Patches of retroviral infection causing ectopic expression of
Dl1 are shown in green, using a fluorescent in situ hybridisation technique
(false colour) in (a), and an anti-Dl1 antibody in (b). Nuclei of neurons are
immunostained with Islet1/2 (red). Note that Islet1/2-positive neurons are
missing from all layers in the Dl1 patches. (c) Cells in Dl1-infected patches
(green; in situ hybridisation) fail to express the amacrine marker, CRABP1
(red). (d) In a large infected patch, revealed by staining for Dl1 transcripts
(red), dividing cells, marked by BrdU incorporation (green nuclei), extend into
the layer that would normally be occupied by neurons (white bar). The
arrowhead points to an additional, small infected patch where the same
broadening of the proliferative domain is seen. (e) E8 embryo stained for
BrdU incorporation (green) and Islet1/2 (red). The proportion of BrdU-
labelled cells has declined steeply, both in the unaffected region and in the
region where neurogenesis is blocked. An infected region, identified by the
loss of Islet1/2-stained cells, is shown by the dotted line. (f) Isolated virus-
infected cells at edges of an infected patch can differentiate as neurons
(arrowheads), in contrast to cells within the patch whose differentiation is
blocked. Dl1-overexpressing cells are shown by in situ hybridisation (green);
neuronal nuclei are immunostained with Islet1/2 (red).
As in the previous experiment, there was variation in the
extent of this effect, presumably reflecting variation in the
timing and intensity of viral infection. In many patches, we
found simply that the neuronal layer was thicker than
normal and the progenitor layer thinner, implying that an
increased proportion of the progenitor cells had been
caused to differentiate. This resembles the result of
expressing Dl1dn in the Xenopus retina [19]. Often, however,
we saw patches of heavy infection that showed a more
extreme effect. In these sites, the progenitor cell layer was
absent and the neuroepithelium consisted almost entirely
of differentiated cells expressing the pan-neuronal marker
Islet1/2 (Figure 4a,c,e). Staining with the 3A10 antibody,
which recognises a neurofilament-associated antigen [37],
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Figure 4
Forced expression of the dominant-negative construct Dl1dn throughout
a patch of neuroepithelium causes all cells to differentiate prematurely
as neurons. (a) Embryo at E5; all RCAS-Dl1dn-infected cells, shown
with anti-Dl1 antibody (green), express the Islet1/2 pan-neuronal marker
(red). Note the basal layer of green staining, corresponding to axons of
cells expressing Dl1dn that have differentiated as neurons. (b) A similar
patch (marked with white line) stained for the neurofilament-associated
3A10 antigen (red) confirming the neuronal character of Dl1dn-infected
cells. Cells in the infected patch (stained for Dl1dn transcripts: green;
false colour) show ectopic 3A10 expression, which would normally be
confined to the basal layer. (c) Embryo at E6; the cells that have
differentiated prematurely as neurons (red Islet1/2 staining) have
stopped dividing, as shown by the absence of BrdU incorporation
(green). (d,e) Pair of closely adjacent sections from an infected patch in
an E6 embryo showing that, in Dl1dn-infected patches, the differentiated
neurons can be of more than one type. In (d), CRABP1 immunostaining,
a marker of amacrine cells, is in red, and BrdU labelling is in green. In
(e), Islet1/2 is in red and BrdU in green. (f) At E8, overproduction of
neurons in the ganglion and amacrine layers (Islet1/2, red; arrow) at the
expense of progenitor cells is accompanied by a reduction of late-born
visinin-positive cells in the photoreceptor layer (arrowhead). In more
strongly affected embryos, early loss of progenitor cells leads to severe
disruption of the stratified neuroepithelial organisation [as is already
evident at the earlier stages shown in (a–e)].
confirmed that these cells were neurons (Figure 4b). Some
of these cells also expressed the CRABP1 neuronal cell-
type specific marker (Figure 4d), and essentially all were
non-dividing as judged by BrdU labelling (Figure 4c). In
the section of such a patch illustrated in Figure 4c, for
example, the ratio of BrdU-labelled cells to Islet1/2-labelled
cells was only 0.03 (9/303 cells in a 180 µm length of epithe-
lium), as compared with 0.83 (116/140 cells in a 180 µm
length of epithelium) in the adjacent, only mildly affected,
region. Occasional BrdU-labelled cells seen within such
patches are likely to be progenitors that had escaped infec-
tion, or that embarked on S phase before infection. It is
probable, therefore, that retinal progenitors are competent
to differentiate as neurons and will do so, precociously and
all at once, if Delta–Notch signalling is abolished.
Cells expressing Dl1dn are deaf to lateral inhibition
Although there is good evidence that the truncated Dl1dn
protein blocks Delta–Notch signalling [3,19,36], how it
does so is unknown. Dl1dn is derived from Dl1 by deletion
of all but 13 amino acids of the intracellular domain, but
this deleted carboxy-terminal portion of Dl1 has no
defined biochemical activity and is poorly conserved
between different Delta genes. Dl1dn expression in a cell
could render it mute (unable to deliver a signal), or deaf
(unable to receive a signal); in either case, Dl1dn-express-
ing cells would be unable to signal to each other and lateral
inhibition would fail. To distinguish between these two
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Figure 5
Behaviour of isolated virus-infected cells expressing Dl1dn, or the
control AP marker gene. (a) Isolated cells expressing Dl1dn
(arrowheads) develop as neurons and lie in the basal layer, expressing
Islet1/2. Expression of Dl1dn is shown by in situ hybridisation (FastRed
technique, shown in green false colour), and the Islet1/2 neuronal
marker is shown by immunofluorescence (red). (b) Isolated cells
expressing control AP (dark stain) lie in all layers including the
proliferative zone (arrows) and the neuronal layer (arrowheads) and the
majority do not express Islet1/2 (red).
Figure 6
(a) Diagram of the proposed interaction between differentiating
neurons (green) and dividing progenitors (black), whereby a balanced
mixture of the two cell types is maintained. Lateral inhibition (red)
delivered by differentiating neurons prevents adjacent progenitors from
embarking on neuronal differentiation. (b) When all cells are caused to
express Dl1, all inhibit one another, and none differentiate as neurons.
(c) When all Delta–Notch signalling is blocked (by expression of
Dl1dn), all cells differentiate as neurons and no progenitors remain.
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possibilities, we injected retrovirus coding for Dl1dn into
one retina of embryos at E3.5-4 (stages 21–23) and fixed
after 24 hours or 48 hours, so as to limit the infection to iso-
lated cells or small clusters of cells. Embryos similarly
infected with retrovirus coding for Dl1 or for AP served as
controls. The prediction is that isolated cells expressing
Dl1dn should differentiate as neurons if Dl1dn makes them
deaf to lateral inhibition, but should be biased away from
neuronal differentiation if Dl1dn makes them mute so that
they can receive but not deliver lateral inhibition.
Individual Dl1dn-expressing cells were found predomi-
nantly basally in the ganglion cell layer; 73% were labelled
with Islet1/2 (76/104 cells, from 7 embryos), and only 6%
were labelled with BrdU (15/233 cells, from 7 embryos;
Figure 5a). This represents a strong bias towards neuronal
differentiation compared with the control AP-infected
cells, which are distributed in all layers. (Of these, 30%
were Islet1/2-labelled, and as many as 54% were BrdU-
labelled; see above and Figure 5b.) We infer that express-
ing Dl1dn makes a cell deaf to lateral inhibition. Dl1dn
might do this by interacting with Notch protein in a secre-
tory compartment so as to hinder delivery of Notch to the
cell surface. Alternatively, Dl1dn might interfere with
Notch at the cell surface (Dl1dn is indeed transported to
the membrane; Figure 4a) and render it inactive or inca-
pable of binding to external Dl1. The latter model is con-
sistent with observations of Delta–Notch associations
within individual expressing cultured cells [38]. Yet
another possibility is that Dl1dn binds to and sequesters
Dl1 on neighbouring cells [38], which are thereby pre-
vented from activating Notch on the Dl1dn-expressing
cell. Further experiments will be necessary to determine
the detailed biochemical basis of the activity of Dl1dn. 
Delta–Notch signalling prolongs neurogenesis and thereby
aids generation of neuronal diversity
Taken together, our results demonstrate that nascent
retinal neurons, by expressing Dl1, inhibit neighbouring
progenitors from quitting the cell cycle and embarking on
neuronal differentiation (Figure 6). In this way, lateral inhi-
bition provides a feedback mechanism to control the pro-
portion of progenitor cells that, at any instant, stop dividing
and differentiate. Excessive production of neurons at the
expense of progenitors, or of progenitors at the expense of
neurons, will tend to be self-correcting. Disruption of this
mechanism may account for the abnormalities of neuro-
genesis seen in mice lacking Notch1 [39] or the Alzheimer’s
disease gene Presenilin-1, which appears to encode a com-
ponent in the Delta–Notch signalling pathway [40,41]:
failure of lateral inhibition would be expected to lead to an
excess of early neurons, a depletion of progenitors, and
premature cessation of neurogenesis.
By preserving a population of uncommitted, dividing
progenitor cells, lateral inhibition allows neurogenesis to
continue over many days. Neurons produced at different
times in this period adopt different characters, reflecting
progressive changes in the intrinsic competence of the
progenitor cells and in the environment in which neuro-
genesis occurs (reviewed in [12]). Our observations
suggest that Delta–Notch signalling, by ensuring a contin-
uous supply of progenitors, makes possible this sequential
production of different types of neurons. Indeed, the pre-
mature differentiation of retinal progenitors in the absence
of lateral inhibition can result in a subsequent deficit of
late cell types (Figure 4f): in patches of cells expressing
Dl1dn in E8 embryos, we find that an excess of early gener-
ated neuronal cell types (ganglion and amacrine cells) is
often accompanied by a deficit of visinin-positive photore-
ceptors [42,43], which differentiate later. These results
agree with experiments in the embryonic Xenopus retina in
which early expression of Dldn increases production of cell
types that are normally generated early, while late
misexpression gives increased production of cell types
that are normally generated late [19]. 
Analogies with invertebrates suggest that Delta–Notch sig-
nalling could also have an additional, more direct role in
generating neuronal diversity: it could mediate interactions
between adjacent newborn post-mitotic cells so as to drive
them to adopt different characters. For instance, a nascent
ganglion cell, by expressing Dl1, could direct neighbouring
newborn cells towards an alternative, amacrine fate. Inter-
actions of this sort are well documented in the develop-
ment of the nematode vulva [44] and of the sensory bristles
of Drosophila [45]. Our results, however, offer no evidence
of such a role for Delta–Notch signalling in regulating the
choice of neuronal cell type during retinal neurogenesis. In
the experiments with the Dl1dn retrovirus, the absence of
lateral inhibition does not result in all retinal cells adopting
the same fate: in a single patch, there is overproduction of
both ganglion and amacrine neurons (Figure 4d,e).
Equally, cells exposed to Dl1 signalling are prevented from
differentiating, not driven towards a specific differentiated
state. These observations indicate that, while Delta–Notch
signalling controls the fundamental choice between
remaining a progenitor and becoming a neuron, additional
mechanisms [46] must be involved in making one neuron
different from another.
Delta–Notch signalling and stem cell populations
In many other vertebrate tissues there is a need to control
the rate at which stem cells progress into differentiation:
differentiated cells have to be produced continually,
without exhausting the stock of stem cells from which they
derive. Could this be governed by Delta–Notch signalling
as in the retina? In Drosophila, lateral inhibition mediated
by Delta and Notch controls cell commitment not only in
the central and peripheral nervous system but also in tissues
as varied as gut epithelium, musculature, Malpighian
tubules, and ovaries [22,23]. Likewise in C. elegans,
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signalling through Delta- and Notch-related molecules con-
trols a wide range of cell-fate decisions in different tissues
[21,47]. Members of the Delta and Notch gene families are
expressed in many vertebrate tissues that undergo contin-
ual renewal, including epidermis, haemopoietic tissues, gut
epithelium and vascular endothelium [7–9,23,48–54]. More-
over, mutant Notch genes have been identified as oncogenes
in breast tumours (Notch4/int3 in the mouse) [55] and in
human T-cell lymphoma/leukaemias [56]. It is possible,
therefore, that a Delta–Notch signalling mechanism similar
to the one we have outlined in this paper also operates in
tissues outside the nervous system to maintain a balance
between stem cells and differentiating progeny.
Conclusions
Our results imply that the whole progenitor population in
the neural retina requires Delta–Notch-mediated lateral
inhibition for its maintenance. Other regions of the neural
tube are organised in much the same way as the develop-
ing retinal neuroepithelium, and express Dl1 and Notch1 in
a similar fashion [6,7,9,49,53]. Thus, lateral inhibition,
mediated by Delta–Notch signalling and delivered by
nascent neurons to neighbouring progenitors, is likely to
have a general and conserved role in vertebrate neurogen-
esis [7,11,19], operating the switch that controls entry of
progenitor cells into the neuronal differentiation pathway
and preventing them from all differentiating prematurely.
In this way, neurogenesis is enabled to continue, produc-
ing a succession of neurons that diversify in different ways
according to the times at which they are generated.
Materials and methods
Retroviruses
The RCAS-Dl1 and RCAS-Dl1dn constructs were made by inserting
fragments of the chick Dl1 cDNA with added downstream stop codons
into the ClaI site of RCAS(BP) [28,29]. The RCAS-Dl1 construct
encodes 628 amino acids from the chick Dl1 protein, including the
whole extracellular region, the transmembrane domain and 50 amino
acids from the intracellular region. This form of Dl1 allows viral packag-
ing yet behaves like the full-length protein when injected into frog
embryos, inhibiting the formation of primary neurons (our unpublished
observations). The RCAS-Dl1dn construct encodes a truncated version
of the chick Dl1 protein, lacking all but 13 of the amino acids in the
intracellular region. An equivalent truncated version of Xenopus Dl1 (X-
Dl1Stu) behaves as dominant-negative when injected in frog embryos,
resulting in an excess of primary neurons [3], and a similar version of
the fly Dl protein acts in a dominant-negative fashion during Drosophila
neurogenesis [36]. Control retrovirus expressing human placental AP
was as previously described by Fekete and Cepko [35].
Recombinant retroviral DNA was prepared, and E10 chick primary
fibroblasts transfected, according to established protocols [57]. Viral
titres were approximately 5 × 108 IU/ml (infectious units). In the main
series of experiments, approximately 0.1 µl of virus was injected into
the luminal space of the neural tube in stage 8–12 embryos. To study
the effects on isolated infected cells, retrovirus was instead injected
directly into one eye of E3.5–4 (stage 21–23) embryos. Injected
embryos were incubated in ovo for different times, at 38°C in a humid
atmosphere. The results are based on the examination of over 5000
sections, corresponding to a total of 46 embryos infected with the
RCAS-Dl1 virus and 92 embryos infected with the RCAS-Dl1dn virus.
In situ hybridisation and immunohistochemistry
Normal and retrovirus-infected chick embryos (E3–E8) were injected
intravenously with BrdU (5–20 µl of a 12.5 mg/ml solution in PBS) and
collected 15–60 min later. In situ hybridisation was performed using
digoxygenin-labelled RNA probes essentially as described [7], except
that AP-conjugated anti-digoxygenin was detected with either
NBT/BCIP or FastRed (Boehringer) substrates. The latter yields a fluo-
rescent precipitate that could be conveniently imaged by confocal
microscopy. Virus-infected cells were distinguished by their very high
levels of Dl1 transcripts as compared with normal Dl1-expressing cells.
BrdU detection after hybridisation was done as described [7].
Dl1 protein was detected using a rabbit polyclonal antiserum directed
against amino acids 325–462 of chick Dl1 (I.L.R., unpublished data). In
the specimens shown here, this antiserum was used at a concentration
sufficient to detect the high levels of exogenous Dl1, but not endogenous
levels. Islet1/2 was detected with monoclonal antibody clone 39.4D5,
and obtained from S. Thor and the Developmental Studies Hybridoma
Bank. Immunohistochemical detection of primary antibodies used FITC
and Texas-Red-conjugated antibodies (DAKO, Jackson Labs, or
Cappell). Monoclonal antibody 3A10 was obtained from the Develop-
mental Studies Hybridoma Bank. For detection of Islet1/2 and CRABP1
antigens after in situ hybridisation, sections were washed thoroughly with
PTw (PBS with 0.1% Tween-20) and treated for 30 min with 2% BSA,
5% serum in PTw, and the primary antibody was then added in the same
solution at the appropriate dilution. For detection of BrdU without prior in
situ hybridisation, sections were incubated at 65°C in 50% formamide,
2 × SSC, followed by 0.2 N HCl at 37°C for 20 min, neutralised in 0.1M
Tris at pH 8.5, washed in PTw and then blocked with 2% BSA, 5%
serum in PTw. Anti-BrdU antibody (Sigma or Becton-Dickinson) was then
added in the same solution, together with rabbit polyclonal anti-Islet anti-
body (from S. Thor), and incubated for 1 h. After washing, the primary
antibodies were detected with FITC and Texas-Red-coupled anti-mouse
and anti-rabbit antibodies, respectively. To visualise cells expressing
virally encoded AP, embryos were fixed, incubated for 30 min at 65°C in
PTw to inhibit endogenous AP, and developed with NBT/BCIP, before
staining for Islet1/2 or BrdU. Images were collected on a BioRad
MRC600 confocal microscope, and edited using Adobe Photoshop.
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